Retinal neurons in humans are nourished by three vasculature networks, or plexi, and the choroidal vessels, an organization that is shared between human and mouse.^[@i1552-5783-57-4-1563-b01]^ Many blinding diseases, including macular degeneration, vasculopathy of prematurity, and diabetic retinopathy, are caused by aberrant growth and maintenance of these vessels, resulting in retinal neuron death and subsequent vision loss.^[@i1552-5783-57-4-1563-b02][@i1552-5783-57-4-1563-b03]--[@i1552-5783-57-4-1563-b04]^ Understanding the normal development of these vessels will help us better understand what happens to them during these disease processes.

The mouse retina serves as an excellent model for understanding basic principles guiding vessel development because its development and structure is similar to the human retina.^[@i1552-5783-57-4-1563-b01]^ The immature retina is nourished by a fetal or hyaloid vascular system, which resides within the vitreous and is eventually replaced by retinal vessels during development.^[@i1552-5783-57-4-1563-b01]^ Hyaloid vessels begin to regress at birth in the mouse, as the retinal vessels enter the retina through the optic nerve head (ONH). Retinal vessels proliferate out radially across the surface of the retina to form the superficial plexus (SP), complete by postnatal day 7 (P7). The retinal vessels then dive to the outer plexiform layer (OPL) to form the deep plexus (DP), complete by P14, and ascend back to the inner plexiform layer (IPL) to form the intermediate plexus (IP), complete by P21.^[@i1552-5783-57-4-1563-b01]^

The retinal vasculature develops in response to a complex series of molecular and cellular interactions among the retina\'s neurons, glia, and vascular cells. Retinal neurons have been shown to direct vessel growth through the release and/or regulation of proangiogenic factors, such as VEGF,^[@i1552-5783-57-4-1563-b05][@i1552-5783-57-4-1563-b06][@i1552-5783-57-4-1563-b07]--[@i1552-5783-57-4-1563-b08]^ antiangiogenic factors, such as semaphorins,^[@i1552-5783-57-4-1563-b09],[@i1552-5783-57-4-1563-b10]^ and through interactions with glia.^[@i1552-5783-57-4-1563-b11]^ The retina contains three populations of glia that are important for development and maintenance of the retinal vasculature: Müller cells (MCs), astrocytes and microglia. Müller cells are derived from retinal progenitors and are the last population of cells to be born within the retina.^[@i1552-5783-57-4-1563-b12]^ During development, MCs release VEGF in response to neural-induced hypoxia^[@i1552-5783-57-4-1563-b13]^ and are thought to provide scaffolding along which endothelial cells migrate during development.^[@i1552-5783-57-4-1563-b01]^ Mature MCs project radial processes spanning the retina, forming the outer and inner limiting membranes. Tangential MC processes wrap blood vessels to help make up the blood-retina-barrier (BRB), and also play a role at neural synapses.^[@i1552-5783-57-4-1563-b14]^ Astrocytes and microglia migrate into the retina through the ONH during development.^[@i1552-5783-57-4-1563-b15],[@i1552-5783-57-4-1563-b16]^ On entry, astrocytes proliferate and migrate centrifugally across the laminin-rich surface of the retina and provide a template directing the migration of endothelial cells in mice.^[@i1552-5783-57-4-1563-b17],[@i1552-5783-57-4-1563-b18]^ After development, astrocytes serve to stabilize vessels through the release of VEGF^[@i1552-5783-57-4-1563-b19]^ and wrap superficial vessels to help make up the BRB.^[@i1552-5783-57-4-1563-b11]^ Microglia promote branching of superficial vessels during development and are thought to play a role in directing vessel growth into the retina.^[@i1552-5783-57-4-1563-b16]^ The initial invasion and subsequent formation of the superficial vessels has been well studied; however, much less is known about mechanisms responsible for attracting and organizing the intraretinal vessels forming the deep and intermediate plexi.

In this study, we test the role of neuron placement on intraretinal vascular development by using mouse models in which neuron placement within the inner retina is disrupted. Retinal neurons are organized in three cellular layers: the outer nuclear layer (ONL), inner nuclear layer (INL), and retinal ganglion cell layer (RGL); and two synaptic layers: the OPL and IPL, all of which are notable for their stereotypic organization into alternating laminae.^[@i1552-5783-57-4-1563-b20],[@i1552-5783-57-4-1563-b21]^ Disorganization of ONL lamination and vascular defects has been documented in humans and mice carrying *Crumbs1* mutations.^[@i1552-5783-57-4-1563-b22]^ Similarly, we report abnormal angiogenesis and intraretinal bleeding associated with laminar disruption within the inner retina.

In this study, we find significant differences in the organization of blood vessels in retinas with ectopic neurons within the IPL (*Bax* mutants) and in those with highly disrupted neuron patterning within the inner retina (*Dscam* mutants). The latter also exhibit frequent intraretinal bleeding. Using *Fat3* mutant mice, which contain an additional plexiform lamina, and using *Dscam* gain-of-function (*Dscam^GOF^*) mice, in which vessel branching occurs at the INL/IPL interface yet lack an IP, we provide experimental evidence that vessel branching occurs at the neuron-neurite interface. Next, we tested the relative contribution of glial organization and neuron misplacement to vessel organization defects. Glial organization was largely maintained in retinas with misplaced neurons. The displacement of neurons in the *Dscam* mutant retina results in the ectopic expression and localization of angiogenic factors suggesting a mechanism by which displaced neurons could deflect growing vessels, resulting in fragile growing vessels and intraretinal bleeding.

Materials and Methods {#s2}
=====================

Mouse Strains and Handling {#s2a}
--------------------------

Mice were handled in accordance with protocols approved by the Animal Care and Use Committees at the University of Idaho and the University of Utah and with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. *Dscam^−/−^* mice: the *Dscam^2J^* (stock number: 006038; The Jackson Laboratory, Bar Harbor, ME, USA)^[@i1552-5783-57-4-1563-b23]^ and *Dscam* FD^[@i1552-5783-57-4-1563-b24]^ loss-of-function alleles were used in this study. *Dscam^GOF^* mice were previously generated^[@i1552-5783-57-4-1563-b25]^ and are available through The Jackson Laboratory (stock number: 025543). *Bax* mutant mice were obtained from The Jackson Laboratory (stock number: 002994) and *Fat3* mutant retinas were provided by Michael Deans (University of Utah).^[@i1552-5783-57-4-1563-b26]^

Immunohistochemistry {#s2b}
--------------------

Tissues were prepared as previously described.^[@i1552-5783-57-4-1563-b25]^

Antibodies and Stains {#s2c}
---------------------

Primary antibodies included mouse anti-glutamine synthetase (GS) (MAB302, 1:1000; Millipore, Darmstadt, Germany), mouse anti-glial fibrillary acidic protein (GFAP) (3670, 1:200; Cell Signaling Technology, Danvers, MA, USA), rabbit anti-GFAP (Z0334, 1:500; Dako, Carpinteria, CA, USA), rabbit anti-IBA-1 (019-19741, 1:500; Wako, Richmond, VA, USA), rabbit anti-VEGF (A20, 1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-PAX6 (1:500; developed by Kawakami, Developmental Studies Hybridoma Iowa City, IA, USA), and rabbit anti-Vimentin (ab45939, 1:300; ABCAM, Cambridge, MA, USA). Secondary antibodies were used at 1:500 room temperature (RT) or 1:1000 4°C overnight (Jackson ImmunoResearch, West Grove, PA, USA). Stains included Isolectin GS-B4 Alexa 568 (I21412, 1:200; Invitrogen, Grand Island, NY, USA), 4′,6-diamidino-2-phenylindole (DAPI) (4083, 1:50,000 from 1 mg/mL stock; Cell Signaling Technology), DRAQ5 (62251, 1:2000; Thermo Scientific, Waltham, MA, USA).

Microscopy {#s2d}
----------

Micrographs were captured from a Nikon (Melville, NY, USA) or Olympus (Center Valley, PA, USA) spinning disk confocal microscope, an Olympus Fluoview scanning laser confocal microscope, a Leica Stereoscope (Buffalo Grove, IL, USA), or Leica DMR microscope. Adobe Photoshop (Adobe Systems, Inc., San Jose, CA, USA) and FIJI (National Institutes of Health, Bethesda, MD, USA) were used to process images. Any modifications to the brightness or contrast of images were performed uniformly across the image, in accordance with journal policies.

Cell Counts {#s2e}
-----------

For neurons, thickness of the cellular layers was quantified as previously described.^[@i1552-5783-57-4-1563-b25]^ Density of MCs was quantified in sections stained with DAPI and GS. Numbers were normalized per unit length of retina. Density of microglia was quantified in whole retinas stained with ionized calcium-binding adapter molecule 1 (IBA-1, Wako Chemicals USA, Inc., Richmond, VA, USA). Images were captured through the entire retina at 1-μm increments along the *z*-axis and were then split into microglia found in the IPL or OPL based on physical separation of cell bodies. These counts were normalized per unit volume in the IPL and per unit area in the OPL. In all counts, the peripheral and central retina were sampled equally and were quantified at P28.

Vessel Density {#s2f}
--------------

Vessel density was quantified in P28 whole retinas stained with GS isolectin. Images were captured through the entire retinal vessels at 1-μm increments along the *z*-axis. Twelve images were captured from each retina (four central, four mid, and four peripheral). Image stacks were imported into FIJI and were traced with the plugin, Simple Neurite Tracer.^[@i1552-5783-57-4-1563-b27]^ For each image stack, the total length of vessels was normalized per unit volume.

Plexus and Astrocyte Coverage {#s2g}
-----------------------------

The P28 whole retinas stained with GS isolectin or GFAP were imaged and sampled at 1 μm along the *z*-axis. Eight images were captured from each retina (four central and four peripheral). Image stacks were then imported into FIJI and *z*-projections were generated. Vessels found within the IPL of *Bax^−/−^* and the INL of *Fat3^−/−^* retinas were not included in the analysis. The IP data for *Dscam^−/−^* and *Dscam^GOF^* retinas includes everything between the SP and DP. The percent coverage was then measured in FIJI from the *z*-projection images.

Blood Vessel and MC Radial Process Orientation {#s2h}
----------------------------------------------

The P28 retina sections stained with DAPI and GS isolectin or GS were imaged and imported into FIJI, where the orientation within the IPL was measured with respect to the nerve fiber layer (NFL). Each recorded orientation was classified as one observation and the data were converted to the percentage of observations at a particular angle in 10° increments.

Blood Vessel Branch Points (BPs) {#s2i}
--------------------------------

The P28 retina sections stained with DAPI and GS isolectin were imaged and imported into FIJI. All BPs within a section were identified and recorded based on location within the different laminae of the retina. The IPL was further divided into S1 to S5, according to convention established by Ramon y Cajal.^[@i1552-5783-57-4-1563-b28]^ Branch points found within S1 were considered to be found within the IP; BPs found in S2 to S5 were considered to be found within the IPL. The data were then converted to the percentage of BPs found within the different laminae for a given retina section.

Nuclei to Nearest Vessel Measurement {#s2j}
------------------------------------

The P14 *Dscam^−/−^* whole retinas stained with DRAQ5, GS isolectin, and IBA-1 were imaged on a confocal microscope and imported into Bitplane\'s Imaris (Bitplane USA, Concord, MA, USA). Images were sampled equally from the peripheral and central retina to capture two developmental time-points. Within Imaris, the images were digitally reconstructed as surfaces and spots for the vessels and nuclei, respectively. Spots within the IPL were then isolated and classified. Endothelial nuclei were identified by their elongated shape and their location within GS isolectin, microglia by IBA-1, and the remainder were classified as neurons. The distance transformation function was then used to measure the closest surface (blood vessel) to each of the spots (nuclei) within the IPL. As a randomized control, blood vessels were flipped along the horizontal axis to randomize the location of nuclei and the measurements were repeated. Spots encapsulated by vessels in the flipped control were excluded from the analysis.

Protein Extraction and Western Blot {#s2k}
-----------------------------------

Protein was extracted from P14 retinas from *Dscam* mutants and wild-type littermate controls using mem-PER Eukaryotic Protein Extraction Reagent Kit (Thermo Scientific, Rockford, IL, USA); 20 μg total protein was loaded into each lane and was separated using 10% acrylamide gel. Blots were transferred to polyvinylidene difluoride (PVDF) membranes (162-0174; Bio-Rad Laboratories, Hercules, CA, USA) and blocked in tris-buffered saline and tween 20 (TBST) (0.05% Tween) and 3% nonfat dry milk. Blots were probed with rabbit anti-VEGF antibody (1:1000; Santa Cruz Biotechnology) for 75 minutes at RT followed by four 5-minute washes in TBST at RT. Anti-VEGF was detected using goat anti-rabbit horseradish peroxidase (HRP)-linked antibody (7074, 1:25,000; Cell Signaling Technology), diluted in 3% milk. Blots were then washed four times for 5 minutes in TBST at RT. Immoblin Western Chemiluminescent HRP Substrate Kit (Millipore) was used to detect antibodies. Blots were then striped and re-probed with rabbit anti-Glyceraldehyde-3-Phosphate Dehydrogenase (anti-GAPDH) antibody (247002, 1:1000; Synaptic Systems, Goettingen, Germany) and detected with anti-rabbit HRP linked antibody (Cell Signaling Technology). Steps for anti-GAPDH were performed identical to anti-VEGF. Densitometry was performed using FIJI to calculate the relative densities between anti-VEGF and anti-GAPDH.

In Situ Hybridization {#s2l}
---------------------

Probes were generated as previously described^[@i1552-5783-57-4-1563-b29]^ with the following modifications. Primers to make to make probe templates: *Vegfa* forward (TGTCTACCAGCGAAGCTACT), *Vegfa* reverse (TCGTTTAACTCAAGCTGCCT), *Vegfr2* forward (ATTCAGAGCGATGTGTGGTC), *Vegfr2* reverse (GTCTGTCTGGCTGTCATCTG), *Sema3C* forward (ATCGGCAGTGTGTGTGTATC), *Sema3C* reverse (GAACCTAGAGCAAGAGTGGC), *Sema3E* forward (GGCAAGTATGGAACCACCAA), *Sema3E* reverse (CTGGAGCAGGATATGCCATC). In vitro transcription mixture was composed of 1 μg cDNA, 4 μL 10× T7 or SP6 buffer (Roche, Pleasanton, CA, USA), 4 μL T7 or SP6 RNA polymerase (Roche), 1 μL RNase inhibitor (Roche), 4 μL digoxigenin or fluorescein deoxyribose nucleotide triphosphates (dNTPs) (Roche) and RNase free water to 40 μL. Samples were incubated at 37°C overnight and 4 μL LiCl, 4 μL ethylenediaminetetraacetic acid (EDTA), and 150 μL EtOH was added to the samples. RNA was chilled at −80°C and resuspended in 20 μL RNase free water.

Tissues for hybridization were prepared by fixing P14 from *Dscam* mutant and wild-type littermate enucleated and hemisected eyes (cornea and lens removed) in 4% paraformaldehyde with 5% sucrose at RT for 30 minutes. Retinas were then dissected out of the eye cup and washed three times for 10 minutes in phosphate buffer with 5% sucrose. Tissues were cryopreserved by equilibrating them in 30% sucrose and then embedded and frozen down in a 2:1 mixture of optimal cutting temperature compound (OCT, Sakura Finetek USA, Inc., Torrance, CA, USA): 30% sucrose. Tissues were sectioned at 6 μm using a cryostat and were placed onto charged slides. Slides were then dried overnight in a desiccator at RT. Hybridization was prepared as previously described.^[@i1552-5783-57-4-1563-b30],[@i1552-5783-57-4-1563-b31]^

Results {#s3}
=======

Blood Leakage in Developing Dscam Mutant Retinas {#s3a}
------------------------------------------------

A varying degree of intraretinal bleeding was observed within 52% of developing retinas in mice lacking *Dscam* (*Dscam^−/−^*) between P16 and P20 ([Figs. 1](#i1552-5783-57-4-1563-f01){ref-type="fig"}A, [1](#i1552-5783-57-4-1563-f01){ref-type="fig"}B), a time point when intraretinal vessels are forming.^[@i1552-5783-57-4-1563-b01]^ Histologic staining of *Dscam^−/−^* retinas revealed that this bleeding occurred within the inner retina ([Figs. 1](#i1552-5783-57-4-1563-f01){ref-type="fig"}C, [1](#i1552-5783-57-4-1563-f01){ref-type="fig"}D). Upregulation of GFAP was observed within MCs within the bloody patches ([Figs. 1](#i1552-5783-57-4-1563-f01){ref-type="fig"}E, [1](#i1552-5783-57-4-1563-f01){ref-type="fig"}E\'), as well as an infiltration of IBA-1 positive microglia ([Fig. 1](#i1552-5783-57-4-1563-f01){ref-type="fig"}F). Intraretinal bleeding was observed in mice in which the *Dscam* gene was conditionally targeted in the retina with *Pax6α-Cre*, indicating that this phenotype was not secondary to hydrocephalus that occurs in *Dscam* mutants^[@i1552-5783-57-4-1563-b32]^ ([Supplementary Fig. S1](#i1552-5783-57-4-1563-s01){ref-type="supplementary-material"}). Intraretinal bleeding was not observed in adult *Dscam* mutants (age \>P35), indicating that the integrity of the vascular network was eventually established in these mice. Consistent with this, a significant increase in blood vessel growth cones was detected at P28 in *Dscam^−/−^* mice, a time point when angiogenesis is largely complete in the wild-type (*WT*) retina ([Figs. 1](#i1552-5783-57-4-1563-f01){ref-type="fig"}G--I).

![Retinal bleeding and glial activation in *Dscam^−/−^* mice. Retinal bleeding was observed in 52% of *Dscam^−/−^* retinas between P16 and P20 (*n* = 23). (**A**) *WT* retina, no retinal bleeding. (**B**) *Dscam^−/−^* retina, varying amounts of retinal bleeding from none to severe. (**C**) Cross section of bloody *Dscam^−/−^* retina stained with DAPI and α-mouse to visualize locations of bleeding. Retinal bleeding is found within the inner retina. (**C\'**) *Zoomed-in insert* of cross section. (**D**) Cross section of bloody *Dscam^−/−^* retina stained with hematoxylin and eosin. Red blood cells can be seen within the retina outside of blood vessels. *Inset* shows higher magnification of a clump of red blood cells found within the IPL. (**E**) Cross section of bloody retina stained with GS, GFAP, and α-mouse. (**E\'**) The GFAP split out for better visualization; GFAP can be seen throughout MC processes within bloody spots. (**F**) Cross section of retina stained with DAPI, IBA-1, and α-mouse. Microglia can be seen in locations in which retina is bloody. (**G**, **H**) Images of endothelial tip cells in *WT* and *Dscam^−/−^* retinas at P28. (**I**) *Graph* illustrating density of tip cells at P28. Very few tip cells were observed in *WT* retinas. Significantly more tip cells were found within *Dscam^−/−^* retinas. *Error bars*: SD. Student\'s *t*-test was used to analyze data. \*\**P* \< 0.002. Abbreviations: α-M, anti-mouse; GS iso, GS isolectin. *Scale bars*: (**B**) 1 mm, (**C**) 500 μm, (**C'**) 100 μm, (**D**) 100 μm, (**E'**) 50 μm, (**H**) 50 μm. (**D**, *inset*), 40 × 40 μm.](i1552-5783-57-4-1563-f01){#i1552-5783-57-4-1563-f01}

*Dscam* is not expressed by cells of the vasculature or glia,^[@i1552-5783-57-4-1563-b33]^ but rather is required for neuron patterning and developmental cell death within retinal neurons.^[@i1552-5783-57-4-1563-b29]^ Because the neural retina begins to develop before vessels invade the inner retina, we hypothesized that cues from the neural retina or glia act to provide guideposts that are used by developing blood vessels and that abnormalities in retinal lamination could potentially drive the observed vascular pathology.

Genetic Approach to Vary Neuron Placement {#s3b}
-----------------------------------------

Mouse mutants in which neuron number and lamination are disrupted were assembled to test the hypothesis that neurons facilitate blood vessel organization. The *Bax* mutant retina (*Bax^−/−^*) has an increase in cell number and misplacement of neurons in the IPL as a result of a defect in developmental cell death ([Fig. 2](#i1552-5783-57-4-1563-f02){ref-type="fig"}B). Neuron cell number in the *Bax^−/−^* mutant retina is similar to that observed in *Dscam^−/−^* retina ([Fig. 2](#i1552-5783-57-4-1563-f02){ref-type="fig"}C), the latter of which also features uneven INL lamination.^[@i1552-5783-57-4-1563-b25],[@i1552-5783-57-4-1563-b34]^ Cell number is similar to the *WT* in the *Fat3* mutant retina (*Fat3^−/−^*); however, ectopic plexiform laminae form within the INL and just below the RGL in *Fat3^−/−^* retinas, termed the outer and inner misplaced plexiform layer (OMPL and IMPL), respectively ([Fig. 2](#i1552-5783-57-4-1563-f02){ref-type="fig"}D).^[@i1552-5783-57-4-1563-b26]^ Some neurons normally found within the INL are mislocalized to the RGL.^[@i1552-5783-57-4-1563-b26]^ Quantification of cell numbers was consistent with previous publications ([Fig. 2](#i1552-5783-57-4-1563-f02){ref-type="fig"}E).^[@i1552-5783-57-4-1563-b25],[@i1552-5783-57-4-1563-b26],[@i1552-5783-57-4-1563-b34]^

![Mutant mouse strains used in this study. (**A**--**D**) Postnatal day 28 retina sections stained with DAPI. (**A**) *WT* retina. The stereotypic organization of the retina consists of three cellular laminae: ONL, INL, and RGL, separated by two plexiform layers: OPL and IPL. (**B**) *Bax^−/−^* retina. Increased thickness in the INL, IPL, and RGL due to a defect in developmental cell death. Lamination of the neural retina is maintained, except ectopic neural somas located in IPL. (**C**) *Dscam^−/−^* retina. Increased thickness in the INL, IPL, and RGL due to a defect in developmental cell death. Lamination of the outer retina is maintained while the inner retina (INL, IPL, and RGL) is highly disrupted. (**D**) *Fat3^−/−^* retina. Cellularity is maintained. Abnormal migration of neurons results in more cells found within the RGL and fewer in the INL. Two ectopic plexiform layers form. One in the INL and the other below the RGL, termed the OMPL and IMPL, respectively. (**E**) Cell thickness of each nuclear layer quantified; *n* ≥ 3 mice were used for each strain. *Error bars*: SD. A 1-way ANOVA was used to statistically analyze data for each cellular layer separately (RGL: *P* ≤ 6.61 × 10^−52^; INL: *P* ≤ 1.45 × 10^−44^; ONL: *P* ≤ 7.31 × 10^−5^). Tukey\'s pairwise comparison was used to compare each group. \*Denotes statistical differences between groups. *Scale bar*: (**D**) 100 μm.](i1552-5783-57-4-1563-f02){#i1552-5783-57-4-1563-f02}

Vessel Disorganization Correlates With Laminar (Dis)Organization {#s3c}
----------------------------------------------------------------

The adult retinal vasculature consists of three capillary networks, or plexi: the SP, IP, and DP. We measured if the formation of these plexi was normal across these mutant strains at an age when their development is complete, P28 ([Fig. 3](#i1552-5783-57-4-1563-f03){ref-type="fig"}). The DP develops normally in the *Bax^−/−^* and *Fat3^−/−^* retinas. *Dscam^−/−^* retinas have significantly reduced DP coverage compared with *Bax^−/−^* and *Fat3^−/−^* retinas ([Figs. 3](#i1552-5783-57-4-1563-f03){ref-type="fig"}A--E, 3P--S). Formation of the IP was normal within *Bax^−/−^* and *Fat3^−/−^* retinas, compared with *WT* ([Figs. 3](#i1552-5783-57-4-1563-f03){ref-type="fig"}F, [3](#i1552-5783-57-4-1563-f03){ref-type="fig"}G, [3](#i1552-5783-57-4-1563-f03){ref-type="fig"}I, [3](#i1552-5783-57-4-1563-f03){ref-type="fig"}J, [3](#i1552-5783-57-4-1563-f03){ref-type="fig"}P, [3](#i1552-5783-57-4-1563-f03){ref-type="fig"}Q, [3](#i1552-5783-57-4-1563-f03){ref-type="fig"}S). *Dscam^−/−^* retinas lacked a defined IP ([Figs. 3](#i1552-5783-57-4-1563-f03){ref-type="fig"}H, [3](#i1552-5783-57-4-1563-f03){ref-type="fig"}J, [3](#i1552-5783-57-4-1563-f03){ref-type="fig"}R). Although the SP was normal within all of the models, vessel coverage was significantly increased in the *Bax^−/−^* retina compared with all strains ([Figs. 3](#i1552-5783-57-4-1563-f03){ref-type="fig"}K--O, 3P--S). Additionally, ectopic vessels were observed running parallel to the plexi within *Bax^−/−^* and *Fat3^−/−^* retinas in areas correlated to the IPL and OMPL, respectively ([Figs. 3](#i1552-5783-57-4-1563-f03){ref-type="fig"}Q, [3](#i1552-5783-57-4-1563-f03){ref-type="fig"}S, arrows).

![Analysis of neural organization and density on formation of vascular plexi. Postnatal day 28 whole retinas stained with GS isolectin. (**A**--**E**) Analysis of the DP. A significant decrease in vascular coverage was detected in *Dscam^−/−^* retinas, compared with *Bax^−/−^* and *Fat3^−/−^*. (**F**--**J**) Analysis of the IP. *Dscam^−/−^* retinas lack a defined IP, data are representative of all vessels between the SP and DP. (**K**--**O**) Analysis of the SP. A significant increase in vascular coverage was detected in *Bax^−/−^* retinas. (**P**--**S**) Digital reconstruction of vessel image in whole mount flipped to view the *x*/*z*-axis. Ectopic vessels are found throughout the IPL of *Bax^−/−^* and the INL of *Fat3^−/−^* retinas (*green arrows*). (**T**) Graph representing total vessel density; *n* ≥ 3 mice was used for each strain per quantification. *Error bars*: SD. A 1-way ANOVA was used to statistically analyze all data separately (DP coverage: *P* ≤ 6.94 × 10^−18^; IP coverage: *P* = 0.00; SP coverage: *P* ≤ 2.80 × 10^−5^; vessel density: *P* ≤ 1.95 × 10^−3^). Tukey\'s pairwise comparison was used to compare each group. \*Denotes statistical differences between groups. *Scale bars*: (**N**) 200 μm, (**S**) 100 μm.](i1552-5783-57-4-1563-f03){#i1552-5783-57-4-1563-f03}

We next asked whether the total density of vessels reflected the neural densities within the different strains. Calculation of vessel densities revealed a significant increase in vessel density in *Bax^−/−^* retinas compared with all other strains ([Fig. 3](#i1552-5783-57-4-1563-f03){ref-type="fig"}T).

The interplexus vessels connecting the three plexi were then analyzed ([Figs. 3](#i1552-5783-57-4-1563-f03){ref-type="fig"}P--S, [Figs. 4](#i1552-5783-57-4-1563-f04){ref-type="fig"}A--F). Measuring the trajectory these vessels took when traveling through the retina demonstrated that most vessels projected perpendicular within *WT* and *Fat3^−/−^* retinas ([Figs. 4](#i1552-5783-57-4-1563-f04){ref-type="fig"}A, [4](#i1552-5783-57-4-1563-f04){ref-type="fig"}D--F). Vessels in *Bax^−/−^* retinas followed a similar trend except that statistically more vessels within the IPL were found running parallel to the retinal laminae, when compared with *WT* and *Fat3^−/−^* retinas ([Figs. 4](#i1552-5783-57-4-1563-f04){ref-type="fig"}B, [4](#i1552-5783-57-4-1563-f04){ref-type="fig"}E, [4](#i1552-5783-57-4-1563-f04){ref-type="fig"}F). Vessels within *Dscam^−/−^* retinas followed a more tortuous trajectory with statistically less perpendicular vessels and statistically more running between 0 and 60° and 120 and 180°, when compared with *WT* and *Fat3^−/−^* retinas ([Figs. 4](#i1552-5783-57-4-1563-f04){ref-type="fig"}C, [4](#i1552-5783-57-4-1563-f04){ref-type="fig"}E, [4](#i1552-5783-57-4-1563-f04){ref-type="fig"}F). No statistical differences were detected between *Bax^−/−^* and *Dscam^−/−^* retinas. This is probably due to how the data was lumped together in increments of 60° for statistical analysis. Interplexus branching was also examined ([Fig. 4](#i1552-5783-57-4-1563-f04){ref-type="fig"}G). Most vessel BPs within *WT* retinas occurred at locations spatially correlated to the three vascular plexi ([Fig. 4](#i1552-5783-57-4-1563-f04){ref-type="fig"}G). A significant increase in BPs was detected within the IPL of *Bax^−/−^* retinas ([Fig. 4](#i1552-5783-57-4-1563-f04){ref-type="fig"}G). The BPs within *Dscam^−/−^* retinas were distributed uniformly throughout the retinal laminae ([Fig. 4](#i1552-5783-57-4-1563-f04){ref-type="fig"}G). A significant increase in BPs was detected within the INL of *Fat3^−/−^* retinas, 93% of these falling within the OMPL ([Fig. 4](#i1552-5783-57-4-1563-f04){ref-type="fig"}G).

![Analysis of neural organization and density on interplexus connections. (**A**--**D**) Postnatal day 28 retina sections stained with GS isolectin and DAPI. (**E**) The trajectory of vessels was quantified throughout the IPL. Most vessels in *WT* and *Fat3^−/−^* ran perpendicular to the NFL. *Bax^−/−^* vessels mainly ran perpendicular to the NFL with some ectopic vessels running parallel. *Dscam^−/−^* vessels were much more tortuous. *Error bars*: SD. (**F**) Mann-Whitney *U* tests were used to statistically analyze orientation data. The data were grouped in increments of 30°. *Graph* represents the absolute *z*-score value generated by test. *Dotted line* represents the threshold a value must pass to be considered statistically different. \*Denotes that threshold was met. (**G**) Branching locations were analyzed for interplexus vessels. Vessels within the *WT* branch at areas corresponding to vascular plexi. A significant increase in BPs was observed in the IPL of *Bax^−/−^* and the INL of *Fat3^−/−^*. Branch points were uniformly distributed across *Dscam^−/−^* retinas. *Error bars*: SD. Student\'s *t*-test was used to statistically analyze *WT* versus other genotypes. Percent data were converted to arcsine for analysis. \**P* ≤ 0.05; *n* ≥ 3 mice was used for each strain per quantification. BX, *Bax^−/−^*; DS, *Dscam^−/−^*; F3, *Fat3^−/−^*. *Scale bar*: (**D**) 100 μm.](i1552-5783-57-4-1563-f04){#i1552-5783-57-4-1563-f04}

After observing defects in the formation of IP in *Dscam^−/−^* retinas, we decided to analyze the retinal vasculature within mice that overexpress *Dscam* (*Dscam^GOF^*) at P28 ([Fig. 5](#i1552-5783-57-4-1563-f05){ref-type="fig"}). In *Dscam^GOF^* retinas, the ectopic and overexpression of *Dscam* results in a significantly thinner retina compared with all other strains ([Figs. 5](#i1552-5783-57-4-1563-f05){ref-type="fig"}A, [5](#i1552-5783-57-4-1563-f05){ref-type="fig"}I).^[@i1552-5783-57-4-1563-b25]^ *Dscam^GOF^* retinas maintained formation of the DP and SP ([Figs. 5](#i1552-5783-57-4-1563-f05){ref-type="fig"}B, [5](#i1552-5783-57-4-1563-f05){ref-type="fig"}C, [5](#i1552-5783-57-4-1563-f05){ref-type="fig"}G), although the coverage of the DP was significantly reduced compared with all strains, and coverage of the SP was significantly reduced compared with *Bax^−/−^* ([Figs. 5](#i1552-5783-57-4-1563-f05){ref-type="fig"}D, [5](#i1552-5783-57-4-1563-f05){ref-type="fig"}H). Interestingly, *Dscam^GOF^* retinas lacked an IP ([Figs. 5](#i1552-5783-57-4-1563-f05){ref-type="fig"}B, [5](#i1552-5783-57-4-1563-f05){ref-type="fig"}E), even though vessels continued to branch at the neuron-neurite interface between the INL and IPL ([Figs. 5](#i1552-5783-57-4-1563-f05){ref-type="fig"}B, [5](#i1552-5783-57-4-1563-f05){ref-type="fig"}E, arrows). The orientation of interplexus connections ran perpendicular to the plexi and continued to branch at areas spatially correlated to where the three plexi should form ([Figs. 5](#i1552-5783-57-4-1563-f05){ref-type="fig"}J, [5](#i1552-5783-57-4-1563-f05){ref-type="fig"}K).

![Analysis of retinal vasculature in the *Dscam^GOF^* retina. Retinal vasculature was analyzed in retinas overexpressing *Dscam*, *Dscam^GOF^*, retinas at P28. These retinas have significantly reduced number of neurons within the inner retina due to an increase in developmental cell death, while maintaining lamination within the inner retina. (**A**) Cross section of retina stained with GS isolectin and DAPI. (**B**) Digital reconstruction of vessel image in whole mount flipped to view the *x*/*z*-axis. Note the lacking IP (*yellow arrows*). (**C**, **D**) Analysis of the DP. A significant decrease in coverage was detected compared with all other genotypes. *Arrows* show the average coverage of other genotypes for comparison and the average value is denoted within *parentheses*. \*Denotes statistical differences. (**E**, **F**) Analysis of the IP. *Dscam^GOF^* retinas lack an IP. Vessel branching was observed at the boundary of the INL and IPL (*yellow arrows*), yet these vessels never ramified to create an IP. (**G**, **H**) Analysis of SP. A significant decrease in coverage was detected compared to the *Bax^−/−^* retina. (**I**) Cellular thickness of each cellular layer. There were statistically fewer cells within the RGL and INL compared with all strains. There were statistically more cells within the ONL compared with *Dscam^−/−^*. (**J**) Analysis of interplexus vessel branching. A statistical increase in the frequency of BPs within the RGL and a statistical decrease at the IP was observed when comparing to *WT*. (**L**) Density of *Dscam^GOF^* vessels. A significant increase in vessels was detected when compared to *WT* and *Dscam^−/−^* retinas. *Error bars*: SD. One-way ANOVAs were used to statistically compare *Dscam^GOF^* with all other strains for cell thickness, plexi coverage, and vessel density (*P* values are included in other figures). Tukey\'s pairwise comparison was used to compare each group. Student\'s *t*-test was used to statically compare BPs to *WT*. \**P* ≤ 0.05. Mann-Whitney *U* test was used to statistically compare *Dscam^GOF^* versus all other strains. BX, *Bax^−/−^*; DS, *Dscam^−/−^*; F3, *Fat3^−/−^*; W, *WT*. *Scale bars*: (**A**, **B**) 100 μm, (**G**) 200 μm.](i1552-5783-57-4-1563-f05){#i1552-5783-57-4-1563-f05}

Taken together, these data provide evidence that displacement of neurons in the IPL of the *Dscam^−/−^* and *Bax^−/−^* retinas result in misprojection of vessels through the IPL. Moreover, the presence of an ectopic plexus lamina in the *Fat3*^−/−^ retina and branching of vessels in the *Dscam^GOF^* at the INL/IPL junction, implicate the neuron-neurite interface as a point of vessel branching.

Having characterized the organization of the retinal vessels in *Bax*, *Dscam*, and *Fat3* mutant retinas, we next set out to determine if disorganization of cell types associated with vascular development could explain these results.

Astrocytes {#s3d}
----------

Whole retinas were stained with GFAP to visualize the morphology and density of astrocytes at P28 ([Fig. 6](#i1552-5783-57-4-1563-f06){ref-type="fig"}).^[@i1552-5783-57-4-1563-b35]^ Astrocytes were morphologically normal within *Bax^−/−^* and *Dscam^−/−^* retinas ([Figs. 6](#i1552-5783-57-4-1563-f06){ref-type="fig"}A--C), whereas astrocytes within *Fat3^−/−^* retinas contained globe-shaped projections at some of their tips ([Fig. 6](#i1552-5783-57-4-1563-f06){ref-type="fig"}D) that filled in areas where the inner limiting membrane was discontinuous ([Figs. 6](#i1552-5783-57-4-1563-f06){ref-type="fig"}D\', 6D\'\'). Astrocytes continued to wrap vessels in all genotypes. The coverage of astrocytes was determined through confocal microscope images of GFAP staining within the NFL and RGL. A correlation between neural densities within the RGL of our genetic models ([Fig. 2](#i1552-5783-57-4-1563-f02){ref-type="fig"}E) and their corresponding astrocyte coverage ([Fig. 6](#i1552-5783-57-4-1563-f06){ref-type="fig"}E) was found, consistent with previous studies.^[@i1552-5783-57-4-1563-b36][@i1552-5783-57-4-1563-b37]--[@i1552-5783-57-4-1563-b38]^

![Astrocytes in mutant strains. (**A**--**D**) Postnatal day 28 whole retinas stained with GFAP and GS isolectin. The characteristic star-shaped morphology of astrocytes was present in all of the models and their processes wrapped blood vessels. Within *Fat3^−/−^* retinas, globe-shaped processes were found at some tips of astrocytes and filled areas of the inner limiting membrane that were discontinuous (*arrows* in **D\'** and **D\'\'**). (**E**) Graph illustrating the coverage of GFAP within whole retinas. A significant increase in coverage was detected when comparing all of the strains to *WT*. A significant decrease in coverage was detected when comparing *Fat3^−/−^* to *Bax^−/−^* or *Dscam^−/−^* mice. *n* ≥ 3 mice was used for each strain. *Error bars*: SD. A 1-way ANOVA was used to statistically analyze the data (*P* ≤ 2.69 × 10^−13^). Tukey\'s pairwise comparison was used to compare between groups. \*Denotes statistical differences. *Scale bars*: (**D**) 200 μm, (**D"**) 20 μm. (**D**, *inset*), 44 × 44 μm.](i1552-5783-57-4-1563-f06){#i1552-5783-57-4-1563-f06}

Müller Cells {#s3e}
------------

The density and morphology of MCs was assayed by staining sections of retina with GS and vimentin at P28 ([Fig. 7](#i1552-5783-57-4-1563-f07){ref-type="fig"}).^[@i1552-5783-57-4-1563-b39],[@i1552-5783-57-4-1563-b40]^ No significant differences in the density of MCs or the trajectory at which MC radial processes project was detected when comparing all models ([Figs. 7](#i1552-5783-57-4-1563-f07){ref-type="fig"}Q, [7](#i1552-5783-57-4-1563-f07){ref-type="fig"}R). When assaying the morphology of the tangential processes, we discovered that these processes were confined to neurite-containing laminae in all genotypes ([Figs. 7](#i1552-5783-57-4-1563-f07){ref-type="fig"}M--P). This is most apparent in the IPL of *Dscam^−/−^* retinas, where MC processes were observed abutting but not invading the INL or RGL ([Figs. 7](#i1552-5783-57-4-1563-f07){ref-type="fig"}G, [7](#i1552-5783-57-4-1563-f07){ref-type="fig"}O), and was further corroborated in the *Fat3^−/−^* retina where tangential processes were found within the OMPL ([Figs. 7](#i1552-5783-57-4-1563-f07){ref-type="fig"}H, [7](#i1552-5783-57-4-1563-f07){ref-type="fig"}P). In MCs of *Bax^−/−^*, *Dscam^−/−^*, *Fat3^−/−^* retinas, GFAP was detected and confirmed with vimentin staining ([Figs. 7](#i1552-5783-57-4-1563-f07){ref-type="fig"}M--O and not shown).

![Müller cells in mutant strains. (**A**--**L**) Postnatal day 28 retina sections stained with GS and vimentin. (**M**--**P**) High-magnification images of GS and GFAP staining within the IPL. *Yellow dashed line* outlines the boundary of the IPL. (**Q**) *Graph* illustrating MC density. No significant difference in cell number was detected. (**R**) *Graph* illustrating measurement of MC radial process projections. *n* ≥ 3 mice was used for each strain per quantification. *Error bars*: SD. A 1-way ANOVA was used to statistically analyze the data separately (MC density: *P* = 0.88; MC radial process: *P* = 0.27). *Scale bars*: (**L**, **P**) 50 μm.](i1552-5783-57-4-1563-f07){#i1552-5783-57-4-1563-f07}

Microglia {#s3f}
---------

To assay microglia organization, P28 retinas were stained with IBA-1 ([Fig. 8](#i1552-5783-57-4-1563-f08){ref-type="fig"}).^[@i1552-5783-57-4-1563-b41]^ Microglia are located within neurite-containing laminae of the retina: the OPL, IPL, and the OMPL of *Fat3^−/−^* retinas ([Figs. 8](#i1552-5783-57-4-1563-f08){ref-type="fig"}A--D). Significant increases in microglia density compared with *WT* were found in all strains, except within the IPL when comparing *WT* with *Fat3^−/−^* ([Figs. 8](#i1552-5783-57-4-1563-f08){ref-type="fig"}I, [8](#i1552-5783-57-4-1563-f08){ref-type="fig"}N).

![Microglia in mutant strains. (**A**--**D**) Postnatal day 28 retina sections stained with IBA-1 and DAPI. Microglia were found within neurite-containing laminae of retina: the OPL, IPL, and the OMPL of *Fat3^−/−^*mice. (**E**--**H**) Microglia within the OPL in whole retinas. (**I**) *Graph* illustrating density of microglia within the OPL. (**J**--**M**) Microglia within the IPL in whole retinas. (**N**) *Graph* illustrating density of microglia within the IPL. Within the OPL, a significant increase in microglia was observed in all models, when compared with *WT*. Within the IPL, a significant increase in microglia was observed in *Bax^−/−^* and *Dscam^−/−^* when compared with *WT. n* ≥ 3 mice was used for each strain per quantification. *Error bars*: SD. A 1-way ANOVA was used to statistically analyze the data (OPL: *P* ≤ 1.80 × 10^−3^; IPL: *P* ≤ 6.02 × 10^−3^). Tukey\'s pairwise comparison was used to compare between groups. \*Denotes statistical differences. *Scale bars*: (**D**, **M**) 100 μm.](i1552-5783-57-4-1563-f08){#i1552-5783-57-4-1563-f08}

Neurons {#s3g}
-------

Next, we tested whether the displaced neurons within the IPL of *Dscam^−/−^* retinas correlated with misdirection of vessels and if this interaction was attractive or repulsive. To test this, whole *Dscam^−/−^* retinas were stained with GS isolectin, DRAQ5, and IBA-1 and then imaged with a confocal microscope at P14, a time point when intermediate vessels are forming^[@i1552-5783-57-4-1563-b01]^ and slightly before intraretinal bleeding was observed in *Dscam* mutants ([Figs. 9](#i1552-5783-57-4-1563-f09){ref-type="fig"}A, [9](#i1552-5783-57-4-1563-f09){ref-type="fig"}C). We then mapped vessels spanning the IPL and the location of displaced neurons and microglia ([Figs. 9](#i1552-5783-57-4-1563-f09){ref-type="fig"}B, [9](#i1552-5783-57-4-1563-f09){ref-type="fig"}D--F). The distance between vessels and the nearest displaced neuron or microglia was measured and plotted compared with a control in which the vessels were flipped along the horizontal axis ([Figs. 9](#i1552-5783-57-4-1563-f09){ref-type="fig"}G, [9](#i1552-5783-57-4-1563-f09){ref-type="fig"}H) (see Materials and Methods). Both neurons and microglia were statistically closer to vessels than the flipped controls, suggesting that neural somata and/or microglia are attracting vessel growth ([Fig. 9](#i1552-5783-57-4-1563-f09){ref-type="fig"}H). Microglia were statistically closer to vessels than neural somas in both the peripheral and central retina ([Fig. 9](#i1552-5783-57-4-1563-f09){ref-type="fig"}H).

![Nuclei to nearest vessel three-dimensional (3D) assay. Using Bitplane\'s Imaris, we developed a 3D assay to measure the neural soma and microglia to the nearest vessel. This was performed on *Dscam^−/−^* retinas at P14 due to the large number of displace neurons within the IPL. (**A**) A 3D rendering of image of whole retina stained with DRAQ5 and GS isolectin. (**B**) Blood vessels were made into surfaces (*red*) while nuclei were made into spots (*purple* and *cyan*). Spots within the IPL are selected and colored *cyan*, while all other nuclei are *purple*. (**C**) Cropped view of IPL 3D rendering. Flipped to view the *x*/*y*-axis. (**D**) Cropped view of IPL of Imaris objects. Note that some nuclei in (**C**) are not present in (**D**). This is because they are part of the INL not the IPL and were excluded from analysis. (**E**) Endothelial nuclei were sorted by vessel reconstruction and GS isolectin staining and eliminated from analysis. (**F**) Microglia were sorted by IBA-1 staining (*purple*). (**G**) Vessels were flipped along the horizontal axis and served as an internal control. This control randomized the distribution of nuclei allowing for the comparison between the relative placement of cells to blood vessels to that of random distribution. (**H**) *Graph* illustrating the average distance between neurons and vessels or microglia and vessels. Number in *bar* is the total number of spots quantified. *Dotted line* represents the median. Images were captured from six different retinas. *Error bars*: SE. Student\'s *t*-test was used to analyze data. \**P* ≤ 0.05. *Scale bars*: (**D**, **G**) 25 μm.](i1552-5783-57-4-1563-f09){#i1552-5783-57-4-1563-f09}

Neuron Placement Affects the Expression Patterns of Angiogenic Factors {#s3h}
----------------------------------------------------------------------

We next wanted to test whether the displacement of neurons within the inner retinas of *Dscam^−/−^* mice could alter the expression patterns of angiogenic factors, which could in turn explain vascular defects within the inner retina. In situ hybridization was performed on *Dscam^−/−^* retinas and littermate controls at P14 to visualize expression patterns of four angiogenic factors that are critical during retinal angiogenesis: *Vegfa*,^[@i1552-5783-57-4-1563-b01],[@i1552-5783-57-4-1563-b05],[@i1552-5783-57-4-1563-b06],[@i1552-5783-57-4-1563-b13],[@i1552-5783-57-4-1563-b19],[@i1552-5783-57-4-1563-b42]^ *Vegfr2* (KDR/Flk-1),^[@i1552-5783-57-4-1563-b08]^ *Sema3C*,^[@i1552-5783-57-4-1563-b43]^ and *Sema3E*^9,44^ ([Fig. 10](#i1552-5783-57-4-1563-f10){ref-type="fig"}).

![Neuron placement affects the expression patterns of angiogenic factors. Retinas were prepared for in situ hybridization at P14 comparing *Dscam^−/−^* to littermate controls. (**A**, **B**) *Vegfa* expression was detected strongly within the central INL of *WT* and *Dscam^−/−^* retinas and to a lesser extent within most cells of the INL and RGL. *Vegfa* was also detected within displaced neurons in *Dscam^−/−^* retinas (*arrowheads*). (**C**, **D**) *Vegfr2* expression was detected strongly within the central INL of *WT* retinas and to a lesser extent in cells throughout the INL and RGL. *Vegfr2* expression was detected within the INL and RGL of *Dscam^−/−^* retinas although the central expression in the INL was less distinct. *Vegfr2* expression was also detected in patches in the ONL and within displaced neurons of *Dscam^−/−^* retinas (*arrowheads*). (**E**, **F**) *Sema3C* expression was detected throughout all cellular layers in *WT* and *Dscam^−/−^* retinas, including displaced neurons in *Dscam^−/−^* retinas (*arrowheads*) (**G**, **H**) *Sema3E* expression was detected within the RGL and to a lesser extent in the INL of *WT* and *Dscam^−/−^* retinas, and within displaced neurons of *Dscam^−/−^* retinas (*arrowheads*). *n* = 4 retinas from two mice were analyzed. *Scale bar*: (**H**) 100 μm.](i1552-5783-57-4-1563-f10){#i1552-5783-57-4-1563-f10}

In *WT* and *Dscam^−/−^* retinas, *Vegfa* was highly expressed by cells within the middle of the INL, likely MCs, consistent with a previous study.^[@i1552-5783-57-4-1563-b13]^ Expression of *Vegfa* was also observed to a lesser extent within most neurons of the INL and RGL ([Figs. 10](#i1552-5783-57-4-1563-f10){ref-type="fig"}A, [10](#i1552-5783-57-4-1563-f10){ref-type="fig"}B), and in displaced neurons of *Dscam^−/−^* retinas ([Fig. 10](#i1552-5783-57-4-1563-f10){ref-type="fig"}B, arrowheads). Expression of *Vegfr2* was also observed at high levels within cells central to the INL in the *WT* retina. This pattern was less distinct in *Dscam^−/−^* retinas. Expression of *Vegfr2* was found in most neurons of the INL and RGL in *WT* and *Dscam^−/−^* retinas ([Figs. 10](#i1552-5783-57-4-1563-f10){ref-type="fig"}C, [10](#i1552-5783-57-4-1563-f10){ref-type="fig"}D), and again within displaced neurons of *Dscam^−/−^* retinas ([Fig. 10](#i1552-5783-57-4-1563-f10){ref-type="fig"}D, arrowheads). Ectopic expression of *Vegfr2* was also detected within the INL of *Dscam^−/−^* retinas. Expression of *Sema3C* was observed throughout the retina ([Figs. 10](#i1552-5783-57-4-1563-f10){ref-type="fig"}E, [10](#i1552-5783-57-4-1563-f10){ref-type="fig"}F), including displaced neurons in the *Dscam^−/−^* retina ([Fig. 10](#i1552-5783-57-4-1563-f10){ref-type="fig"}F, arrowheads). Expression of *Sema3E* was observed in neurons in the RGL and to a lesser extent in the INL of both *WT* and *Dscam^−/−^* retinas ([Figs. 10](#i1552-5783-57-4-1563-f10){ref-type="fig"}G, [10](#i1552-5783-57-4-1563-f10){ref-type="fig"}H), and within displaced neurons of *Dscam^−/−^* retinas ([Fig. 10](#i1552-5783-57-4-1563-f10){ref-type="fig"}H, arrowheads). No staining was observed when probing retinas with mRNA sense probes ([Supplementary Fig. S2](#i1552-5783-57-4-1563-s02){ref-type="supplementary-material"}).

Concentration Gradients of VEGF Are Influenced by Neuron Placement {#s3i}
------------------------------------------------------------------

The observations of altered expression patterns of *Vegfa* and *Vegfr2,* along with a recent study uncovering that VEGFR2 functions to titrate VEGF and prevent angiogenesis during early development,^[@i1552-5783-57-4-1563-b08]^ brought us to ask the question, are VEGF concentration gradients altered in *Dscam* mutants? To test this, immunohistochemistry was performed to visualize the distribution of VEGF protein throughout *Dscam^−/−^* retinas and littermate controls at P14 ([Fig. 11](#i1552-5783-57-4-1563-f11){ref-type="fig"}). In *WT* and *Dscam^−/−^* retinas, diffuse VEGF staining was observed throughout the entire retina excluding the ONL ([Figs. 11](#i1552-5783-57-4-1563-f11){ref-type="fig"}A, [11](#i1552-5783-57-4-1563-f11){ref-type="fig"}B\'). More intense VEGF immunoreactivity was observed on the surface of cell bodies, including displaced cell bodies in *Dscam^−/−^* retinas, compared with the IPL neurites.

![Vascular endothelial growth factor localization is influenced by neural placement. Retinas were prepared for immunohistochemistry at P14 comparing *Dscam^−/−^* with littermate controls. (**A**, **B**) Retina sections stained with DRAQ5, VEGF, and PAX6. *Insets* illustrate the accumulation of VEGF on the surface of neurons. *White dotted line* in the *second inset* shows the outline of neuron soma. (**A\'**--**B\'**) Vascular endothelial growth factor channel split out for better visualization. (**C**, **D**) Control retinas stained with secondary antibodies only. Staining of VEGF and PAX6 is absent. α-Mouse staining can be seen in blood vessels. (**E**) *Graph* illustrating the raw cell counts of nuclei within the IPL of *WT* and *Dscam^−/−^* retinas. Nuclei were sorted into four bins (*yellow* = DRAQ5/PAX6/VEGF; *green* = DRAQ5/VEGF; *red* = DRAQ5/PAX6; *blue* = DRAQ5). All cells VEGF+ were PAX6+, but not all PAX6+ cells were VEGF+. (**F**) Western blot was performed to quantify the total amount of VEGF protein in *Dscam^−/−^* retinas compared with littermate controls. No significant difference was detected when comparing the relative density (VEGF/GAPDH) of VEGF protein in *Dscam^−/−^* and *WT* littermate controls. *Error bars*: SD. Student\'s *t*-test was used to analyze data (*P* = 0.83). *n* ≥ 3 mice was used for each strain per quantification. DQ5, DRAQ5. *Scale bar*: (**D**) 100 μm. (**A**, **B** *inset*), 31 × 31 μm.](i1552-5783-57-4-1563-f11){#i1552-5783-57-4-1563-f11}

To identify which type of cells within the IPL were accumulating more VEGF relative to the neurites, P14 retina sections were stained with DRAQ5, VEGF, and PAX6, a marker for neurons.^[@i1552-5783-57-4-1563-b45]^ Nuclei within the IPL of *WT* and *Dscam^−/−^* retinas were then quantified and sorted by makers for which they were positive ([Fig. 11](#i1552-5783-57-4-1563-f11){ref-type="fig"}E). Our results indicate that all cell bodies accumulating VEGF on their surface were PAX6 positive, but not all PAX6-positive cells accumulated VEGF, suggesting that a subset of neurons regulate VEGF localization during IP formation. Western blot was performed to quantify the amount of VEGF protein within *Dscam^−/−^* retinas compared with *WT* littermates at P14. No significant differences in the amount of relative VEGF protein were detected ([Fig. 11](#i1552-5783-57-4-1563-f11){ref-type="fig"}F).

Discussion {#s4}
==========

Retinal neovascularization and vascular patterning defects result in blinding retinal diseases. Changes in the neural retina in these diseases can initiate the growth of new vessels through the process of angiogenesis.^[@i1552-5783-57-4-1563-b46]^ A better understanding of the basic principles regulating angiogenesis during development will help elucidate what is occurring during vascular proliferative diseases causing blindness.

In this study, we set out to address the origin of retinal bleeding in *Dscam* mutant mice. We find that abnormalities in neuron lamination in the inner retina can promote pathologic angiogenesis, disrupting neural lamination leads to significant patterning changes in blood vessels, the neuron-neurite interface is a point of vessel branching, the displacement of neurons and microglia correlates with an attractive misdirection of growing vessels, and the displacement of neurons is sufficient to alter the expression and localization of angiogenic factors.

Neuron Disorganization and Retinal Angiogenesis {#s4a}
-----------------------------------------------

Developmental retinal lamination defects and vascular abnormalities are observed in heritable retinal dystrophies, such as retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA) and are caused by mutations in the *Crumbs homologue 1* (*CRB1*) gene,^[@i1552-5783-57-4-1563-b22]^ which is required for retinal lamination structuring within both human and mouse outer retinas.^[@i1552-5783-57-4-1563-b22]^ In humans, the loss of *CRB1* is associated with retinal lamination defects within LCA patients,^[@i1552-5783-57-4-1563-b47]^ and vascular abnormalities leading to edema and retinal detachment within RP patients.^[@i1552-5783-57-4-1563-b48]^ In *CRB1* mutant mouse models, structural alterations in the outer limiting membrane (OLM) result in the restructuring of the outer retina in the formation of pseudorosettes and retinal folding.^[@i1552-5783-57-4-1563-b49],[@i1552-5783-57-4-1563-b50]^ Similarly, we identify that developmental alterations in neural lamination within inner portions of *Dscam^−/−^* retinas cause abnormalities in the patterning and integrity of vessels as they develop. Taken together, these observations suggest that developmental, disease, and age-related changes in neural lamination could promote abnormal vascular growth and retinal bleeding.

Neuron Disorganization Mislocalizes Angiogenic Factors {#s4b}
------------------------------------------------------

In the mouse, retinal vessels form via a process of angiogenesis and their growth is guided by secreted molecules that act to attract or repel growing blood vessels.^[@i1552-5783-57-4-1563-b51]^ A growing body of literature has begun to uncover that angiogenesis is regulated by similar molecules and mechanisms to that of the nervous system, and that the vascular and nervous systems often engage in cross-talk during development and disease.^[@i1552-5783-57-4-1563-b51]^ Therefore, regulating the balance and expression of these shared factors is important for proper development and maintenance of these systems. Moreover, the highly organized retina serves as an ideal model for understanding these principles.

Vascular endothelial growth factor is a key regulator of angiogenesis.^[@i1552-5783-57-4-1563-b52]^ Within the retina, VEGF is required for the initiation of angiogenic sprouts, arteriole versus venous fate determination, and vessel stabilization.^[@i1552-5783-57-4-1563-b01],[@i1552-5783-57-4-1563-b13],[@i1552-5783-57-4-1563-b19],[@i1552-5783-57-4-1563-b42]^ During the initial development of the superficial vessels, neurons have been shown to regulate VEGF activity through VEGFR2-induced engulfment of VEGF, preventing immature vessels from sprouting into the retina.^[@i1552-5783-57-4-1563-b08]^ As development proceeds, neural-derived VEGF has been shown to regulate the formation of the intraretinal vessels.^[@i1552-5783-57-4-1563-b05],[@i1552-5783-57-4-1563-b06]^ These studies begin to illustrate the importance of neural regulation on VEGF bioavailability and how this regulation changes over time, presumably to aid with vessel patterning.

Our results implicate an additional requirement to this regulation; that is, the placement of neurons. During development of the IP in *WT* retinas, we observed accumulation of VEGF on the surface of neural somas abutting the INL. In other model systems, a capture and presentation mechanism has been well documented, such as netrins for axon guidance in *Drosophila*,^[@i1552-5783-57-4-1563-b53],[@i1552-5783-57-4-1563-b54]^ UNC-6 for axon guidance and dendrite repulsion in Caenorhabditis elegans,^55,56^ and F-spondin for axon guidance in chicks,^[@i1552-5783-57-4-1563-b57]^ where a diffusible guidance molecule is captured and presented to growth cones allowing multicellular organisms to tightly regulate the growth of axons and dendrites. Perhaps formation of the IP in the retina uses a similar mechanism, where neurons abutting the IPL accumulate MCs and neural-derived VEGF and present it to vessel growth cones promoting vessel branching and ramification at the neuron-neurite interface. In *Dscam* mutants, we find the displacement of neurons is sufficient to mislocalize the distribution of VEGF and that the cell surface accumulation of VEGF is largely absent in the INL and abundant in displaced neurons throughout the IPL.

Semaphorins are a class of repelling guidance molecules originally found to be important for nervous system development and have recently been shown to be important for angiogenesis.^[@i1552-5783-57-4-1563-b51]^ During blood vessel growth, secreted semaphorins modulate delta-like 4 (Dll4)-notch signaling, disrupting tip/stalk cell determination and causing cytoskeletal destabilization, preventing the growth of vessels in a particular direction or altogether.^[@i1552-5783-57-4-1563-b58]^ In our study, we analyzed the expression patterns of two secreted semaphorins known to be important for angiogenesis in the retina, *Sema3C*^43^ and *Sema3E*.^[@i1552-5783-57-4-1563-b09],[@i1552-5783-57-4-1563-b44]^ We find that both of these are highly expressed normally in the retina and that these are almost always expressed by displaced cells in *Dscam* mutants.

A possible model to explain the disorganization of intraretinal vessels in *Dscam* mutants is that the displacement of neurons leads to lack of a distinct VEGF cue that normally promotes vessel branching and ramification and is exacerbated by the misexpression of repulsive semaphorin cues leading to vascular defects and retinal bleeding. Future studies targeting VEGF, VEGF receptors, and semaphorins will be performed to test this hypothesis.

Glia and the Retinal Vasculature {#s4c}
--------------------------------

The retina contains three types of glia that are intimately linked to the retinal vasculature: astrocytes, MCs, and microglia. Interactions between these cells, along with neurons and cells of the vasculature, are required to form the neurovascular unit. Associated changes in neurons and glia have been reported in pathologic conditions of the retina; however, a cause-and-effect relationship is yet to be resolved.^[@i1552-5783-57-4-1563-b59]^ In this study, we observe changes in the organization of these populations in mutant strains with abnormal neural organization within the inner retina, suggesting a role for neurons in initiating and maintaining these cellular interactions.

Astrocytes were the least-affected glia population in our mutant strains. We found a correlation between neural densities within the RGL and astrocyte densities, consistent with previous reports demonstrating that platelet-derived growth factor (PDGF) released by neurons promotes astrocyte growth^[@i1552-5783-57-4-1563-b36],[@i1552-5783-57-4-1563-b37]^ and that depletion of retinal ganglion cells results in decreased astrocyte populations.^[@i1552-5783-57-4-1563-b38]^ Astrocyte gross morphology appeared to be unaffected by neuron organization because astrocytes were found within the NFL of all our mutant stains and their processes wrapped superficial vessels. It can be reasoned that the globe-shaped projections at the tips of *Fat3^−/−^* astrocytes follow misprojected neurites from neurons forming the IMPL. However, these changes were not reflected by the retinal vessels.

During development, hypoxia drives the expression and release of VEGF from MCs and it is thought the MCs provide structural support for the migration of endothelial cells during vessel formation.^[@i1552-5783-57-4-1563-b01],[@i1552-5783-57-4-1563-b13]^ Mature MC tangential processes wrap retinal vessels to help form the BRB.^[@i1552-5783-57-4-1563-b11]^ Selective ablation of MCs in the adult retina leads to severe changes in the organization of retinal vessels, breakdown of the BRB, and eventually intraretinal neovascularization.^[@i1552-5783-57-4-1563-b60]^ We found that the radial processes of MCs were unaffected by neural lamination, whereas the tangential processes were redirected toward ectopic neurites. However, no considerable changes were observed in MCs that could describe vascular defects.

We also identified changes to microglia organization in our mutant stains. We found that microglia limit themselves to the neurite-containing laminae within the retina and frequently find them at the neuron-neurite interface. Microglia are known to regulate the branching of developing superficial vessels.^[@i1552-5783-57-4-1563-b16]^ A potential model to explain the branching pattern observed at the neuron-neurite interface in this study is that microglia position themselves at the neuron-neurite interface and promote branching of vessels at this interface. Microglia depletion studies aimed at differentiating these possibilities will be performed in future studies to address this question.

Conclusions {#s5}
===========

This study demonstrates the importance of neuronal placement during intraretinal vessel development. Our current working model is that lamination defects cause mispresentation of neural-derived factors organizing vascular growth leading to the disorganization of retinal vessels ([Fig. 12](#i1552-5783-57-4-1563-f12){ref-type="fig"}). Whether the changes in neural lamination are directly causing changes in vessel development, are secondary to neural-driven glial changes, or both remain to be elucidated and are the focus of future experiments.

![Working model. Disrupting the organization of the neurons in the inner retina in turn changes how neural-derived factors are presented altering the organization of non-neural components. Illustrated here is VEGF distribution to serve as an example. There are likely many neural-derived angiogenic factors influenced by neuron placement.](i1552-5783-57-4-1563-f12){#i1552-5783-57-4-1563-f12}
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